The structure and biological activities of a highly sulfated heparan sulfate (HS) extracted from shrimp (Penaeus brasiliensis) heads were characterized. Structurally the shrimp HS was more heterogenous than heparin, although it is still highly sulfated. The molecular mass of the shrimp HS preparation was determined to be 32.3 kDa by gel filtration HPLC. Analysis by surface plasmon resonance demonstrated that various growth/differentiation factors specifically bound to the shrimp HS with comparable affinity. Notably, the shrimp HS had a greater inhibitory effect against infections by dengue virus type 2 as well as Japanese encephalitis virus than heparin. Experiments on anticoagulant activity indicated that the shrimp HS exhibited significant anti-thrombin activity, but less than the commercial heparin. Hence, the HS preparation from shrimp heads, an industrial waste, is a prospective agent for a variety of clinical applications.
acid and/or C-6 position of GlcN residues, and also occasionally reside at the C-3 position of GlcN residue, giving a significant charge density and structural complexity to the polysaccharide chains [1] .
Substantial quantitative differences between HS and Hep exist in iduronic acid content as well as N-
and O-sulfate contents [2] .
HS/Hep has a variety of biological functions, such as anti-inflammatory activity, anticoagulant activity, anti-cancer activity, and anti-viral activity [2] [3] [4] . Most of these biological activities depend upon interaction between HS/Hep and functional proteins including a wide variety of enveloped and nonenveloped viruses [5, 6] .
Although Hep is a highly efficacious anticoagulant agent useful for a variety of clinical indications, its multiple bioactivities can have unwanted side effects. Furthermore, in 2008, some pharmaceutical Hep preparations were found to be contaminated with artificial oversulfated chondroitin sulfate and associated with anaphylactoid-type reactions [7] [8] [9] [10] . This led to a shortage of 5 pharmaceutical Hep and much public concern. Since pharmaceutical Hep is extracted mainly from porcine intestine and bovine lung, any contamination of these resources would be a major problem.
Therefore, it is important to develop new substitutes for Hep. Interestingly, a Hep-like HS was reported to exist in shrimp heads, an industrial waste [11] . Therefore, in this study, the structure and biological activities of a HS preparation extracted from shrimp heads were analyzed. [11] .
Disaccharide composition analysis A mixture of heparinases I and III and heparitinase II was incubated with shrimp HS in a total volume of 20 l of 20 mM sodium acetate buffer, pH 7.0, containing 2 mM Ca(OAc) 2 at 37 ºC for 1 h. The incubation mixture was heated at 100 ºC for 1 min to terminate the reaction. Digests were derivatized with 2-aminobenzamide (2AB), and analyzed by anion-exchange HPLC [12] . To examine whether the heparinase/heparitinase-resistant tetrasaccharide sequence containing 3-O-sulfated GlcN is present in the purified shrimp HS fraction, the 2AB-derivatives of the digest and the tetrasaccharide standards,
, and
-O-trisulfate) [13] , were subjected to anion-exchange HPLC using a linear NaH 2 PO 4 gradient from 213 to 803 mM over a 70-min period.
Gel filtration chromatography The molecular mass of the shrimp HS was determined by gel filtration HPLC on a Superdex TM 200 10/300 GL column (GE Healthcare, Uppsala, Sweden)
after treatment with 1.0 M NaBH 4 /0.05 M NaOH to liberate HS chains from the core protein [14] .
Measurement of anticoagulant activity Anticoagulant activity was quantified according to the method described previously [11, 15] . The shrimp HS preparation with 10 l of human AT-III (0.1 mg/ml) and 15 l of human thrombin (0.45 mg/ml, 0.63 NIH units/ml) was incubated in a total volume of 100 l of 45 mM Tris-HCl buffer containing 225 mM NaCl (pH 8.3) at 25 ºC for 30 sec.
Then, 50 l of chromozym TH (Tosyl-glycyl-prolyl-arginine-4-nitranilide acetate, 1.9 mol/ml) was added, and the amidolytic activity of thrombin was determined by measuring the absorbance at 405
nm. The change of absorbance in 200 sec was calculated to evaluate anticoagulant activity. As a positive control, the anticoagulant activity of the commercial Hep preparation (187 units/mg) was investigated.
Analysis of interactions using surface plasmon resonance The interaction of various growth/differentiation factors with the shrimp HS was examined as reported [16] , using a BIAcore X system (BIAcore AB, Uppsala, Sweden) at the Open Facility, Hokkaido University Sousei Hall.
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Anti-viral activity of the shrimp HS preparation To investigate the anti-viral activity of the shrimp HS preparation, dengue virus type 2 (DEN-2) and Japanese encephalitis virus (JEV) were used. The anti-DEN-2 and anti-JEV activity was examined according to the method described previously [17] . Briefly, DEN-2 (1,800 focus-forming units/ml as a final concentration) or JEV (Nakayama strain) was premixed with known concentrations of the shrimp HS preparation or Hep (as a positive control). The pre-mixture of virus-GAG was inoculated onto baby hamster kidney-21
(BHK-21) cells grown on a 48-well plate for 2 h at 37 ºC. After three washes with serum-free Dulbecco's modified Eagle's medium (DMEM), DMEM containing 1% fetal bovine serum and 0.5% methyl cellulose was overlayed and the plate was incubated at 37 ºC for 24 or 43 h. Infected foci of cells were visualized by the focus-forming assay and counted under a light microscope [17] .
Results

Structural analysis of the shrimp HS preparation
The purified shrimp HS was subjected to cellulose acetate membrane electrophoresis [18] and stained with 0.2% (w/v) Alcian blue [19] .
The component in the shrimp HS preparation was electrophoresed faster than bovine kidney HS and almost to the same position as Hep (data not shown), suggesting that the GAG in the extract of shrimp heads is as negatively charged as Hep.
The disaccharide composition of the shrimp HS preparation was analyzed by enzymatic digestion with a mixture of heparinases I and III and heparitinase II as shown in Fig. 1 , and is summarized in Table 1 . Structurally the shrimp HS is more heterogenous than bovine kidney HS and
Hep. The major disaccharide units of shrimp HS were highly sulfated disaccharide units,
, and ∆HexA1-4GlcN(2-N-,6-O-disulfate), which accounted for 29%, 25%, and 21%, respectively. Since the total proportion of the di-and trisulfated disaccharide units (75%) is comparable to that of the trisulfated disaccharide unit in Hep (70%), the shrimp HS was indeed highly sulfated. This unique and heterogeneous disaccharide composition of HS containing a high proportion of disulfated disaccharides has never been reported.
Since some saccharide sequences containing a 3-O-sulfated GlcN structure are resistant to heparinases and heparitinases [13] , the presence of the heparinase/heparitinase-resistant structure in the purified shrimp HS preparation was examined (Fig. 1B) . Besides the peaks of HS disaccharides, peaks of oligosaccharides were also detected, suggesting the tetrasaccharide sequence containing 3-O-sulfated GlcN to be present in the shrimp HS preparation and to account for 9.6% (as mole percent) of the digestion products.
The molecular mass of the shrimp HS chain was determined by gel filtration HPLC (Fig.   1C ). The major component in the SH preparation was mainly eluted at the elution volume of 14.4 ml, and its molecular mass was estimated to be 32.3 kDa using the calibration curve generated with size-defined polysaccharides. (Table 2) . FGF-1, FGF-2, PTN, and MK bound to the shrimp HS preparation, whereas HGF showed no significant binding.
Anticoagulant activity of the shrimp HS preparation
The anticoagulant activity of the shrimp HS was investigated (Fig. 3) . The shrimp HS preparation also has significant anticoagulant activity but it is much weaker than that of Hep. The activity was completely abolished upon 11 digestion with a mixture of heparinases (data not shown), indicating that the anticoagulation was attributable to the HS polysaccharides and not to contaminants in the preparation. (Fig. 4B) . The anti-JEV activity was lost completely upon digestion with a mixture of heparinases. These results suggest that the shrimp HS preparation has strong anti-viral (DEN-2 and JEV) activity.
Inhibitory effects on viral infections by the shrimp HS preparation
Discussion
In this study, a highly sulfated HS was isolated from heads of the shrimp Penaeus brasiliensis, and its structure and biological activity were investigated. The molecular mass of the shrimp HS preparation was approximately 4 times larger than that of shrimp Hep reported by Dietrich et al. [11] . The former appears to be a precursor of the latter, which might be generated by degradation during purification or storage possibly because the shrimp Hep was prepared on a large scale (20 Kg of shrimp heads as the starting material).
The disaccharide composition of the shrimp HS preparation was very different from those of typical HS and Hep derived from bovine kidney and porcine intestine, respectively (Table 1) . Shrimp HS has a more heterogenous structure, although it is still highly sulfated. The diverse oligosaccharide sequences organized in the shrimp HS chains appear to contain extensive modifications. It has been considered that HS chains exhibit a domain structure with highly modified and sulfated regions (S-domain) interspersed with low sulfated sequences (NA-domain) [26, 27] , and that most Hep/HS-binding proteins specifically interact with saccharide sequences in S-domains [23, 28] .
The shrimp HS showed high affinity for FGF-2, MK, and PTN, with K d values of 0.14, 0.48, and 0.32 nM, respectively (Table 2) 
The shrimp HS after treatment with alkali was loaded onto a Superdex TM 200 10/300 GL column and eluted with 0.2 M CH 3 COONH 4 at a flow rate of 0.4 ml/min (C). Fractions were collected at 1.5-min intervals, and monitored by the 1, 9-dimethylmethylene blue method [22, 23] . The column was calibrated using size-defined polysaccharides (dextrans, average Mr: 60,000, 37,500, and 18,100) as indicated in the inset. V o and V t represent the void and total volume, respectively. 
